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structure in the density of states associated with
symmetry points on the surface of the Brillouin
zone is absent in the amorphous-film results.
Using the above results—the change in the va-
lence- and conduction-band density of states and
the change in optical selection rules—one can ac-
count for the observed changes in the optical
properties as one goes from crystalline to amor-
phous germanium.

In the following Letter Herman and Van Dyke
examine through a band calculation the effect of
changing the Ge lattice constant from that of
crystalline Ge to the average value of amorphous
Ge. Combining this with the photoemission re-
sults, some insight can be obtained into the sep-
arate effects of lattice spacing and disorder.

The authors are grateful to Dr. Frank Herman
and Dr. A. Bienenstock for helpful discussions.
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NEW INTERPRETATION OF THE ELECTRONIC STRUCTURE AND OPTICAL SPECTRUM
OF AMORPHOUS GERMANIUM*

Frank Herman and John P. Van Dyke
Lockheed Palo Alto Research Laboratory, Palo Alto, California
(Received 28 October 1968)

The electronic density of states of amorphous germanium is simulated by that of a dilat-
éd germanium crystal having the same density as amorphous germanium (3.9 g/cm?).
This simulated density of states accounts quite nicely for some recent experimental re-
sults obtained by optical and photoemission techniques. The band structure and density of
states of a suitable dilated germanium crystal may well be a better starting point for a
more sophisticated analysis of the electronic structure of amorphous germanium than
their counterparts in normal crystalline germanium.

Donovan and Spicer® have recently investigated
the electronic structure of amorphous films of
germanium using the highly successful photo-
emission technique.? Their experimental results
indicate that the valence- and conduction-band
density of states is considerably different in
amorphous and crystalline germanium. These
experimental findings stand in sharp contrast to
earlier theoretical discussions of amorphous
semiconductors,®* in which the density of states
of a disordered crystalline material is usually
regarded as merely a slightly perturbed version

of the density of states of the corresponding or-
dered crystalline material. Although these the-
oretical discussions emphasize the role played
by the atomic disorder in fuzzing out the elec-
tronic density of states, particularly in the
neighborhood of the band edges (band tailing ef-
fects), they usually ignore the important changes
in electronic structure that can be produced by
disorder-induced changes in the average atomic
density (average number of atoms per unit vol-
ume).

In this Letter we will introduce a simple model
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for the electronic structure of amorphous ger-
manium which enables us to estimate the changes
just mentioned. Our model accounts quite nicely
for Donovan and Spicer’s observation that the
maximum in the valence-band density of states
in amorphous germanium is about 1.5 eV closer
to the top of the valence band than in crystalline
germanium. Combining our electronic structure
model with Donovan and Spicer’s nondirect con-
stant-matrix-elements model for interband op-
tical transitions, we can account for the fact that
the principal maximum in the experimental re-
flectivity spectrum of amorphous germanium®?®
lies at a considerably lower energy than its coun-
terpart in crystalline germanium.

Although the detailed atomic arrangement in
amorphous germanium is not fully understood,®:”
it is known experimentally® that the density of
amorphous germanium is 3.9+0.4 g/cm, which
is about 28% less than the crystalline value of
5.35 g/cm®. Even though the first- and second-
order neighbor distances in amorphous germani-
um may indeed be quite close to those in crystal-
line germanium, the lower atomic density in the
former may be readily understood in terms of
the inefficient packing of atoms associated with
the disorder.

For the purposes of discussion, we will tem-
porarily ignore the disordered atomic arrange-
ment in amorphous germanium, and concentrate
our attention on the fact that the average atomic
density is considerably less in amorphous than
in crystalline germanium. We will make the
rather bold assumption that the electronic densi-
ty of states in amorphous germanium can be sim-
ulated (at least to a first approximation) by the
density of states of a dilated germanium crystal
having the same density as amorphous german-
ium (3.9 g/cm3).

In an earlier publication,’ we calculated the
lattice-constant dependence of the energy-band
structure of crystalline germanium. The most
important résults of this earlier work are re-
produced in Fig. 1. The band structure at T', X
and L for a dilated germanium crystal having a
density of 3.9 g/cm?® can be read off Fig. 1 by
setting a/a,=1.11. We have obtained the band
structure throughout the reduced zone and the
density of states of such a dilated germanium
crystal by fitting a pseudopotential -type inter-
polation scheme'® to the energy levels at T', X,
and L in Fig. 1 for a/a,=1.11. These theoretical
results for dilated germanium are shown in Fig.
2. The band structure of dilated germanium is
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FIG. 1. Energy-band structure of crystalline germa-~
nium as a function of lattice constant at three key points
in the reduced zone. The lattice constant of normal
germanium is denoted by @,. The zero of energy is
placed at the top of the valence band (I'y5r). For further
details, see Ref. 9.

seen to be an exaggerated version of the Groves-
Paul model for grey tin.’' Note that dilated ger-
manium is actually a semimetal with zero ther-
mal gap rather than a semiconductor. Also
shown for comparison in Fig. 2 is the density of
states of normal (a/a, =1) crystalline germanium,
as reported in an earlier publication.'?

It is already clear from Fig. 1 that the width of
the uppermost valence band becomes smaller as
the lattice constant becomes larger. The con-~
sequences of this are seen in greater detail in
Fig. 2(b). For example, we see that the princi-
pal maximum in the valence-band density of
states shifts by about 1 eV to higher energies
(the zero of energy is held fixed at the top of the
valence band). The secondary maximum and the
trailing edge also shift to higher energies by
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FIG. 2. (a) Energy band structure of dilated germa-

nium (2/a,=1.11). (b) Density of states of normal (a/a,
=1) and dilated (a/a;=1.11) germanium.
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about 1.3 eV. To the extent that our dilated ger-
manium crystal simulates amorphous germani~
um, the above results are consistent with Dono-
van and Spicer’s observation! that the uppermost
valence bands in amorphous germanium are nar-
rower than those in crystalline germanium. In
fact, the principal maximum in N(E) in Fig. 2(b)
lies just 2 eV below the top of the valence band,
in reasonable agreement with Donovan and Spic~
er’s result.

Since we have neglected the actual atomic dis~
order in amorphous germanium, as well as the
fact that first- and second-order neighbors prob-
ably have almost identical separations in amor-
phous and (normal) crystalline germanium, our
electronic structure model for amorphous ger-
manium is obviously only a first approximation.
In higher approximations, we might expect the
sharp structure in the conduction-band density of
states to be washed out (as the results of Dono-
van and Spicer suggest), and the density of states
in the lower reaches of the conduction band to be
considerably less than is suggested by Fig. 2 (so
that amorphous germanium would be more nearly
a semiconductor with fuzzy band edges than a
clearcut semimetal).

Turning next to the optical spectrum, we show
in Fig. 3(a) the experimental €, curve for amor-
phous germanium,®® as well as the correspond-
ing theoretical €, curve based on (a) the band
structure shown in Fig. 2(a), and (b) the nondi-
rect constant-matrix-element optical transition
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FIG. 3. (a) Comparison of experimental €, curve for
amorphous germanium Refs. 4 and 5 and theoretical ¢,
curve based on the band structure of Fig. 2(a) and the
nondirect constant-matrix-element optical transition
model (Ref. 1). (b) Comparison of theoretical €, curves
for normal and dilated germanium based on direct op~-
tical transition model (pseudopotential type matrix
elements).

model of Donovan and Spicer.! (The latter curve
was kindly provided by Donovan who obtained it
using our density-of-states information.) For
purposes of contrast, we show in Fig. 3(b) the
theoretical €, curves for normal (a/a,=1) and
dilated (a/a,=1.11) germanium based on (a) the
band structure shown in Ref. 12 and Fig. 2(a);
(b) the conventional direct (vertical interband)
transition model'?; and (c) pseudopotential-type
matrix elements.’? (The experimental €, curve
and the theoretical €, curve based on constant
matrix elements for normal germanium can be
found in Ref. 12.)

It is clear from Fig. 3(a) that the experimental
€, curve for amorphous germanium bears a
striking similarity to that calculated for dilated
germanium in terms of the nondirect transition
model. Considering the crudness of the constant-
matrix-element assumption (which was used in
this calculation), the agreement between theory
and experiment is quite remarkable. At the
same time, the experimental €, curve for amor-
phous germanium is quite different from the the-
oretical €, curves for normal or dilated germa-
nium based on the direct-transition model.

The agreement between theory and experiment
manifest in Fig. 3(a) would be destroyed if the
nondirect-transition model were used, but the
change in band structure associated with the
change in atomic density were ignored. A non-
direct optical-transition calculation based on the
density of states of normal germanium (see Ref.
1) would lead to an €, curve which peaks at about
4.5 eV, rather than at about 2.7 eV [as in Fig.
3(a)]. In the present application to amorphous
germanium, the nondirect-transition model ap-
pears to be considerably more successful than
the direct-transition model in accounting for all
of the photoemission and most of the optical re-
sults.’® Presumably, this is a consequence of
the long-range disorder in amorphous germa-
nium.

Although some of the details of Fig. 2(a) would
undoubtedly change if the actual first- and sec-
ond-order neighbor positions and the overall dis-
order in amorphous germanium were properly
taken into account, we believe that the idealized
band structure shown in Fig. 2(a) may well be a
better starting point for a more sophisticated
analysis than the band structure of normal crys-
talline germanium. In any event, we believe we
have taken an important step in the direction of
understanding the electronic structure and opti-
cal spectrum of amorphous germanium by taking
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the density variation of the band structure into
account.

The present theoretical study was motivated by
Donovan and Spicer’s striking experimental re-
sults.! The authors are grateful to Mr. T. L.
Donovan and Professor W. E. Spicer for bringing
these results to their attention, and for many
stimulating discussions.
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CRITICAL OPALESCENCE IN QUARTZ*
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The intense scattering of light by quartz in the vicinity of the a-8 transition, first ob-
served by Iakovlev and co-workers in 1955, has been studied by Raman and Brillouin
spectroscopy and by visual observation. Our results indicate that the observed “opales-
cence” does not originate from critical fluctuations of the order parameter but is gener-
ated by essentially static domain walls separating microdomains of opposite electrical

twins.,

Crystalline quartz undergoes a transition at
573°C from the low-temperature a phase (sym-
metry D,) to the high-temperature 8 phase (sym-
metry Dg). The transition is marked by anoma-
lies in many of the physical properties of quartz.!
In 1956, Iakovlev, Velichkina, and Mikheeva ob-
served that the scattering of Hg light by quartz
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increases in the vicinity of the transition by ~10%
over the room-temperature level and that under
white-light illumination, the scattering volume
appears as a “fog zone.””? They termed this phe-
nomenon “critical opalescence” since it resem-
bles the intense scattering observed in fluids
near the critical point. Subsequently Ginzburg



